Introduction
Dermatologists frequently recommend dietary modification to patients with rosacea, with recommendations to avoid "trigger" foods and beverages. Anecdotally, many patients describe rosacea flares with spicy foods or with hot drinks. In this review, we present the possible mechanisms linking these foods and others to rosacea exacerbations. We also highlight the gut-skin connection as it pertains to rosacea, which presents an intriguing avenue for further research.
Background
Rosacea is a chronic inflammatory skin condition that is estimated to affect up to 15% of certain populations, with an increased prevalence in fair-skinned individuals of European descent [1] . It is characterized by recurrent episodes of flushing, along with other skin findings, concentrated to the skin of the central face. In the earlier stages of rosacea, patients may only experience intermittent flushing. In later stages, they may develop persistent erythema and telangiectasias, and/or recurrent papules and pustules. Rosacea is divided into four main subtypes based on these clinical characteristics. These subtypes include erythematotelangiectatic, papulopustular, phymatous, and ocular [2] . Patients may present with symptoms from multiple subtypes concurrently, or with isolated findings that do not fit a specific subtype. These symptoms often fluctuate between intervals of exacerbation and disease-free remission.
For patients not responsive to topical medications, oral anti-inflammatory antibiotics, specifically tetracyclines, are Diet and rosacea: the role of dietary change in the management of rosacea increases KLK5 expression and activity [6] . However, this is not considered the only likely pathogen, as one study found that when D. folliculorum colonization was decreased using topical antibiotics, there was no corresponding improvement in symptoms [7] . As antibiotics have been used in the treatment of rosacea, researchers have theorized that bacteria may be a causative factor. Bacillus oleronius, a nonmotile, gram-negative bacterium isolated from Demodex mites, has been shown to induce antigenic proteins in patients with specific rosacea subtypes [8, 9] . When exposed to B. oleronius, neutrophils have increased production of matrix metalloproteinase (MMP)-9, tumor necrosis factor, and IL-8, stimulating a robust inflammatory response even in people unaffected by rosacea [2, 8, 10] . Other studies have looked at the role of Staphylococcus epidermidis, a commensal bacterium. In normal skin, S. epidermidis produces AMPs that help prevent disease caused by pathogenic bacteria. When placed on skin with rosacea, however, studies have demonstrated that S. epidermidis generates specific virulence factors resulting in TLR2 activation and the cathelicidin-KLK5 inflammatory cascade [6] .
Triggers
Anecdotally, there are many triggers that may exacerbate rosacea symptoms. These include hot temperatures, sun exposure, spicy foods, alcohol consumption, exercise, and feelings of anger or embarrassment. Some of these triggers, such as hot temperatures, act directly to trigger vasodilatation. Other factors act via different mechanisms, with an ultimate increase in skin inflammation.
Sun exposure is one of the most commonly cited triggers for flushing and worsening of rosacea symptoms. Exacerbations from ultraviolet (UV) radiation are thought to be the result of three processes. First, vitamin D induces keratinocyte cathelicidin overexpression, which then initiates a pro-inflammatory cascade. Secondly, UVB light increases skin vasculature proliferation via fibroblast growth factor 2 (FGF2) and vascular endothelial growth factor 2 (VEGF2) [11] . Lastly, skin exposed to excess UV radiation has more reactive oxygen species (ROS), further propagating the KLK5-cathelicidin inflammatory cascade [10] . These proposed mechanisms may help guide dietary recommendations to ameliorate these changes.
Dietary triggers are also frequently cited by patients, although there is a lack of research in this area. In one survey by the National Rosacea Society of over 400 patients, 78%
had altered their diet due to rosacea. Of this group, 95% reported a subsequent reduction in flares [12] .
The triggers reported in this group may be broken down into heat-related, alcohol-related, capsaicin-related, and cinnamaldehyde-related. Specifically, hot beverages acted as the mainstay of treatment. However, long-term oral antibiotic therapy is not ideal due to potential side effects as well as the potential for bacterial resistance. Therefore, the role of modifiable lifestyle factors, including diet, has received renewed interest.
It is well known anecdotally that certain foods may act as rosacea triggers. Research has even suggested certain mechanisms whereby other foods may be helpful. As the understanding of the pathogenesis of rosacea continues to evolve, dietary modifications may become an essential component of rosacea therapy.
Pathogenesis
The exact pathogenesis of rosacea is unknown. Given the higher incidence in persons of North European descent, an underlying genetic etiology is hypothesized, although a specific causative gene has not yet been found. At this time, rosacea is thought to result from a combination of immune system dysregulation, abnormal neurological and vascular signaling, and dysbiosis of microorganisms ultimately leading to skin sensitivity and inflammation.
The innate immune system is disrupted in patients with rosacea. This leads to an abnormal inflammatory cytokine release and an anti-microbial peptide (AMP) response. When compared to normal skin, skin affected with rosacea has significantly more cathelicidin expression [3] . Cathelicidin, an AMP expressed by leukocytes and epithelial cells, is an important bacterial defense molecule. Cathelicidin is cleaved into its active form, LL-37, by the serine protease kallikrein 5 (KLK5) [4] . In patients with rosacea, both the LL-37 and KLK5 molecules are different from those in normal skin.
These differences cause aberrant downstream effects, including leukocyte chemotaxis, vasodilatation, angiogenesis, and extracellular matrix deposition.
Abnormal neurological signaling also plays a role in rosacea pathogenesis. Heat and other factors, including dietary factors, stimulate transient receptor potential cation channels [5] . The stimulation of these channels acts to initiate pro-inflammatory cascades. TRP receptors are expressed by sensory nerves as well as by keratinocytes. They play a role in vasoregulation, pain perception, and inflammation, and are upregulated in patients with rosacea [2] .
In addition, microorganisms are thought to be etiopathogens in rosacea, although their role has yet to be clearly defined. A number of studies have documented differences in the skin microbial composition of rosacea patients as compared to those without. Specifically, rosacea patients have higher concentrations of Demodex folliculorum, a saprophytic mite that is normally found in sebaceous glands.
It is hypothesized that the cell-membrane components of
Demodex mites activate toll-like receptor 2 (TLR2), which
The association between inflammatory bowel disease (IBD) and rosacea is another topic of interest. A Taiwanese nationwide cohort study of over 89,000 patients with rosacea found an independent association with IBD incidence, as compared to matched controls [31] . This association has been replicated by Egeberg et al.'s Danish study and Li et al.'s prospective study in American women [30, 32] . Moreover, both IBD and rosacea share possible genetic overlap on the histocompatibility complex class II gene HLA DRB1*03:01 [33, 34] .
From a clinical standpoint, rosacea patients reporting gastrointestinal (GI) symptoms warrant referral to a specialist for further evaluation. Both H. pylori and SIBO can be diagnosed with non-invasive laboratory tests including urine, fecal and breath tests. Specifically, SIBO can be detected using a lactulose and glucose H2/CH4 breath test [27, 35, 36] , although reports indicate a wide range of sensitivity and specificity [37] . Similarly, H. pylori can be diagnosed with noninvasive urea breath tests, stool antigen test, and serum/urine antibody tests [38] . The urea breath test, in particular, has a high reported sensitivity and specificity [39] .
While studies on GI interventions as therapies for rosacea are limited, given the evidence for a gut-skin connection, such interventions provide a promising avenue for further research.
These findings also suggest that dietary measures to decrease the risk of GI comorbidities may become standard recommendations in the future.
The GI System as a Therapeutic Target
The association between GI disease and rosacea is intriguing, as it suggests avenues for therapeutic intervention. In one study, researchers found that patients with rosacea were 13 times more likely to have SIBO. They theorized that circulating cytokines, particularly TNF-α, may have played a role in the increased prevalence of rosacea. Treatment of the SIBO with antibiotics in 40 patients led to remission of rosacea in all cases. Even more remarkable was the finding that the remission persisted in the majority at the three-year follow-up [40] .
In addition, SIBO has been linked to decreased gut motility. In one case report, a reduction of gut transit time via a high-fiber intervention resulted in improvement of rosacea [41] , suggesting another promising area of investigation.
Prebiotics, Probiotics, and the Role of the Microbiome
Given the evidence for an increased risk of GI disease in rosacea, further research into the role of the microbiome in rosacea is warranted. The role of the gut microbiome is an area of research of multiple inflammatory skin diseases. Synbiotics are a combination of prebiotics and probiotics, substances a trigger, including hot coffee (33% described it as a trigger) and hot tea (30%). Alcohol was another frequent trigger, including wine (52%) and hard liquor (42%). Capsaicin is found in certain spices and peppers. Respondents frequently reported spices as a trigger (75%), as well as hot sauce (54%), cayenne pepper (47%), and red pepper (37%). Finally, cinnamaldehyde is found in several seemingly unrelated foods, including tomatoes, citrus, cinnamon, and chocolate [13] .
In this survey, cinnamaldehyde-containing foods were also described as frequent triggers, including tomatoes (30%), chocolate (23%), and citrus (22%).
As discussed in the preceding section, transient receptor are active in patients with rosacea [5] . Located in keratinocytes, neuronal, endothelial, and immune cells [15] , vanilloid receptors are activated by increased temperatures and capsaicin [16] , which results in vasodilation and inflammationinduced hyperalgesia [14, 17] . Similarly, TRPA1 is an ankyrin receptor located primarily in sensory neurons. Activated by mustard oil and cinnamaldehyde, TRPA1 regulates vasodilation and may be responsible for flushing episodes [18, 19] .
The Gut-Skin Connection Increased Risk of GI Disease in Rosacea Patients
Research indicates the possible role of a gut-skin connection in rosacea. In a population-based cohort study of close to 50,000 Danish patients with rosacea, the prevalence of celiac disease, Crohn's disease, ulcerative colitis, Helicobacter pylori infection (HPI), small intestinal bacterial overgrowth (SIBO), and irritable bowel syndrome were all higher among patients with rosacea as compared with control subjects [20] .
Others have looked at this connection as well, with conflicting results noted in different populations and for different conditions.
In the case of HPI, several studies have reported a higher frequency in patients with rosacea [21] [22] [23] [24] [25] . H. pylori are gram-negative bacteria that may cause chronic gastritis, gastric and duodenal ulcers, and gastric adenocarcinoma. However, the pathogenic link is difficult to establish, as antibiotics are helpful in the treatment of each disease [2, 29] .
In the case of SIBO, two separate studies found an increased association of SIBO in patients with rosacea, although a prospective study by Gravina et al. did not confirm these results [23, [27] [28] [29] [30] .
Dietary Measures to Promote a Healthy Gut Microbiome Prebiotics and Dietary Fiber
Recommendations to promote a healthy gut microbiome include the consumption of a fiber-rich diet. Many dietary plant fibers act as prebiotics. Prebiotics have been defined as non-digestible food ingredients that selectively stimulate the growth and/or activity of beneficial GI microbes [50] .
Research indicates that consuming a wide variety of dietary fibers, in sufficient quantity, will encourage the growth of a diverse and a healthy gut microbiome [46, 51] .
Studies indicate that dietary effects on the microbiome may occur rapidly [43] . A lack of dietary fiber has been linked to deleterious effects on the gut flora and the gut itself. In one study, mice fed a diet lacking in fiber experienced a proliferation of pathogenic bacteria. These bacteria then began to digest the protective gut mucus layer [52] . In contrast, a diet rich in plant fibers supports the growth of beneficial microbes. These beneficial microbes have been shown to support gut health and skin health in multiple ways.
Probiotics
The growth of beneficial microbes in the GI tract may be Further research is necessary to determine optimal dosages and strains of microbes, as well as to determine viability of ingested microbes. Despite some promising results in other inflammatory skin diseases, clinical trials in rosacea are lacking. However, research has suggested potential mechanisms whereby probiotics may be helpful in rosacea therapy. First, they shift the composition of gut bacteria and help to counter pathogenic bacteria. An imbalance of gut microbiota has been linked to IBD, as well as other chronic diseases [55] .
Studies have demonstrated anti-inflammatory effects, as in the alleviation of T-cell mediated skin inflammation in mice that support a healthy gut microbiome. In a meta-analysis of published randomized controlled trials (RCTs ) in atopic dermatitis (AD), it was found that the use of synbiotics for at least eight weeks had a significant effect on a measure of AD severity [42] . Research is underway into the use of synbiotics in other inflammatory skin diseases.
The Microbiome
There has been much research into the gut microbial community, known as the microbiota, along with its component genes, known as the microbiome [43] . [44, 45] .
In the GI tract, the microbiome is made up of trillions of microbes including bacteria and other microbes such as fungi and archaea [46] . The skin is also colonized by an equally complex microbiome that varies with host genetic and environmental influences. Emerging research suggests that the collection of microbial communities that populate the skin and GI tract, rather than single microorganisms alone, is responsible for disease [47] .
The gut microbiome plays an important role in training both the innate and adaptive immune systems. In a mouse model, it was found that specific strains of gut microbiota regulated the expression of genes that impacted intestinal barrier function and immunity, among other effects [48] . Given these effects, the gut microbiome has the potential to affect many organ systems, including the skin.
The composition of intestinal bacteria has been postulated to play a role in the pathogenesis of rosacea. In one theory, dysbiosis of intestinal bacteria results in activation of plasma kallikrein-kinin pathways, leading to downstream neurogenic inflammation [41] . Some authors have suggested that this may, in part, explain the effectiveness of antibiotics in rosacea therapy [31] . While the microbiome represents an important therapeutic target, it is important to recognize the marked variation of human intestinal microbiome among individuals. Factors that may account for these differences include genetics, diet, environmental exposures, hygiene, and other variables. Notable geographical variations have been seen in gut microbiome composition, warranting further research of gut composition in global communities [49] . rosacea found no increased risk of adverse cardiovascular events [64] . Given these findings, more research is required into the risk of CVD in rosacea patients. If confirmed, then dietary modifications to reduce this risk would be warranted. following use of oral probiotic bacteria [56] . In addition, in vitro incubation of metabolites from a particular probiotic strain prevented both unprompted and stress-induced ROS formation [57] . Finally, probiotic bacteria may impact the skin barrier. In one RCT, use of an oral probiotic resulted in improvement in skin barrier function and reduced skin sensitivity in human subjects [58] .
Conclusion
Given these demonstrated cutaneous effects of probiotics, as well as their suggested efficacy in other inflammatory skin diseases, further research into their clinical use is warranted.
Specific Dietary Nutrients
At this time, there is no convincing evidence that specific nutrients act to alleviate rosacea symptoms. However, promising results from a few studies support the utility of further research into the effects of omega-3 fatty acids and zinc.
Omega-3 fatty acids are polyunsaturated fatty acids and include eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and alpha linolenic acid (ALA). As EPA and DHA are substrates for anti-inflammatory prostaglandins that competitively inhibit pro-inflammatory pathways, they have been studied in multiple diseases [59] . Limited research is available for their use in rosacea, although one RCT found a statistically significant improvement in subjects with dry eye symptoms, some of whom had rosacea, with the use of 325 mg of EPA and 175 mg of DHA two times daily for three months [60] .
Limited trials have evaluated the use of zinc in rosacea [61] . Zinc is fundamental for development of the cell-mediated innate immune system and acts as an antioxidant and anti-inflammatory molecule. Studies on zinc supplementation in rosacea have produced conflicting results. While one trial noted significant improvement with 100 mg of zinc sulfate three times a day [62] , another found no difference in improvement after 90 days of 220 mg of zinc sulfate twice a day [63] .
Other Comorbidities
While the association of cardiovascular disease (CVD) and chronic inflammatory diseases, such as rheumatoid arthritis and psoriasis, is well established, the risk of CVD in rosacea is not clear. In psoriasis, dietary modification to decrease the risk of comorbidities is now considered an important aspect of therapy, given the increased risk of CVD as well as metabolic diseases such as diabetes and hypertension [1, 3] .
A number of studies have examined this risk in rosacea patients. In one case-control study, patients with rosacea had an increased risk of CVD [3] . The authors hypothesized that cathelicidin peptides and serine proteases acted as common etiopathogens for both rosacea and atherosclerosis. However, a Danish case-control study of close to 5,000 patients with
